The dependence of onset and duration of sleep on the circadian rhythm of rectal temperature by Zulley, Jürgen et al.
Pflfigers Arch (t981) 391:314-318 Pfli.igers Archiv 
European Journal 
of Physiology 
9 Springer-Verlag 198t 
The Dependence of Onset and Duration of Sleep 
on the Circadian Rhythm of Rectal Temperature* 
Jtirgen Zulley, Riitger Wever, and Jiirgen Aschoff 
Max-Planck-Institut ffirVerhaltensphysiologie, Se wiesen a d Andechs, 
D-8138 Andechs, Federal Republic of Germany 
Abstract. The sleep-wake cycle and the circadian rhythm of 
rectal temperature were recorded in subjects who lived sing[y 
in an isolation unit. In 10 subjects, the freerunning rhythms 
remained internally synchronized, 10 other subjects howed 
internal desynchronization. Times of onset and end of bedrest 
("sleep") were determined in each cycle and referred to the 
phase of the temperature rhythm. In the synchronized 
subjects, onset of sleep occurred, on the average, 1.34 h before 
the minimum of temperature, and end of sleep 6.94h 
thereafter, with narrow distributions. The desynchronized 
subjects had a broad bimodal distribution of sleep onsets 
(peaks 6.3 and 1.3 h before the minimum); the duration of 
sleep varied between more than 15 h when sleep began about 
10 h before the temperature minimum, and less than 4 h when 
sleep began several hours after the minimum. The dependence 
of sleep duration on body temperature is interpreted as a 
continuing action of the coupling forces between the two 
rhythms after mutual synchronization is lost. 
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Introduction 
In the human organism, most physiological functions are 
subject o periodic changes which are in synctu'ony with the 
sleep-wake cycle and whose period corresponds to the 24-h 
day. This periodicity persists in subjects who live in isolation 
units without any external time cues, but the frequency of the 
then freerunning circadian rhythms slightly deviates from 
that of the earth's rotation. Under those conditions, the sleep- 
wake cycle and e.g. the rhythm of rectal temperature fre- 
quently show the same period of about 25 h and keep a stable 
phase-relationship to each other, a state which is called 
"internal synchronization". However, in about 30 % of such 
experiments he coupling between the two functions has been 
found to be instable, resulting in differen t frequencies of the 
two freerunning rhythms and, hence, in a continuous va- 
riation of the phase-relationship between the sleep-wake cycle 
and the rhythm of rectal temperature (Aschoff et al. 1967a). 
In such a state of "internal desynchronization" the coupling 
forces, although insufficient for mutual synchronization, still 
exert an influence on both rhythms. Due to this interaction, 
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the sleep-wake cycle and the rhythm of rectal temperature are 
subject o Feriodic variatiens. In this report, the dependence is 
discussed of sleep characteristics on the phase of the rhythm 
of rectal temperature, 
Methods 
Twenty young volunteers (15 males, 5 females; age 20-61 
years) lived singJy in an isolation unit for at least 4 weeks. The 
subjects had no information about the time of day, and were 
either allowed to turn the lights off during the sleep episodes 
of their selfselected activity-rest cycle or were exposed to 
constant illumination. Body temperature was recorded con- 
tinuously by a rectal probe, and various activities of each 
subject were monitored by signals elicited through a switch 
board. As an approxirnate measure for the duration of sleep, 
the interval was taken between a signal given by the subject 
when he decided to go to sleep (turning offhis bedside reading 
lamp), and a signal given at the time of awakening. Further 
details of the experimental procedure have been described by 
Wever (1979). 
The twenty subjects whose data are analyzed here, 
represent a selection from a larger sample of experiments all 
performed under similar conditons. The selection was made 
in accordance with the two possible states of a freerunning 
rhythm: 10subjects with together 205 sleep episodes re- 
mained internally synchronized throughout the experiment, 
the other 10 subjects with 206 sleep episodes howed internal 
desynchronization. 
In an additional subject, sleep was polygraphically re- 
corded by measuring EEG, EOG and EMG. This subject was 
exposed to an artificial ight-dark cycle the period of which 
was 23 h in the first part and 26 h in the second part of the 
experiment. 
Results 
A representative example ofa freerunning rhythm is provided 
in Fig. 1. Consecutive sleep episodes are indicated by horizon- 
tal bars, the minima of rectal temperature by triangles. The 
upper half of the diagram demonstrates the state of internal 
synchronization, the lower half the state of internal desynch- 
ronization. During synchronization both rhythms had the 
same mean period of 25.7 h, and the mean phase-angle differ- 
ence between temperature minimum and onset of sleep was 
--2.1 h. After internal desynchronization had occurred on 
day 14, the sleep-wake cycle assumed a mean period of 33.4h 
while the rhythm of rectal temperature continued to freerun 
with a mean period of 25.1 h. As a result of this, consecutive 
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Fig. 1. Consecutive sleep episodes (white bars : bedrest) and minima of 
rectal temperature (triangles) of a subject living alone in the isolation 
unit. Double plot 
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Fig.2. Rectal temperature and sleep-wake cycle (c~: wakefulness; 
Q bedrest) recorded inan isolated subject during internal synchronization 
(above) and internal desynchronization (below)9 Two sections of the 
experiment shown in Fig. 1 (cf. the number of days) 
minima of temperature coincided with different phases of the 
sleep-wake cycle. It is furthermore obvious that duration of 
sleep was rather constant during internal synchronization, 
but had an extreme variation between short and long sleep 
episodes during internal desynchronization. From each of the 
two states, 5 days of the original records are reproduced in 
Fig. 2. During internal synchronization (upper two curves), 
the minima of temperature were always close to the beginning 
of sleep as it is well known from all freerunning internally 
synchronized rhythms (Aschoff et al. 1967b); during de- 
synchronization, consecutive minima occurred at different 
phases of the sleep-wake cycle, and duration of sleep varied 
considerably. 
For the following analysis, the minimum of rectal tem- 
perature has been determined in each single cycle and is used 
as a reference phase further on. The general relationship 
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Fig. 3. Frequency of sleep drawn with reference tothe phase of the rhythm 
of rectal temperature. Data from singly isolated subjects with internal 
synchronization (  = 10; 205 sleep episodes) and internal desynchroni- 
zation (n = 10; 206 sleep episodes). Double plot 
between sleep and the rhythm of rectal temperature is 
illustrated in Fig. 3. For the internally synchronized subjects, 
nearly 100 ~ were asleep at the time of their temperature 
minima and a few hours thereafter, and none was asleep at the 
time of high temperatures. During internal desynchroni- 
zation, sleep did not occur at random with regard to the 
temperature hythm as one might have expected from Fig. 1, 
but had a distribution not too different from that of the 
internally synchronized subjects: close to 80 ~ were asleep at 
the temperature minima, and only about 10 ~o at the time of 
the maxima. 
From the histograms in Fig. 3 it can be concluded that the 
coupling to the rhythm of rectal temperature is of different 
precision for onset and for end of sleep during internal 
synchronization, and differs during synchronization from the 
precision during desynchronization. This is more clearly 
shown in Fig. 4. In the internally synchronized subjects, onset 
of sleep occurs, on the average, 1.34 h before temperature 
minimum, with a standard deviation of only _+ 1.97 h 
around that mean; end of sleep occurs 6.94 + 2.01 h after the 
minimum. In contrast o these unimodal distributions for 
onset and end of sleep during internal synchronization, onset 
of sleep has a bimodal distribution during internal desynchro- 
nization, the two peaks occurring at about 1.3 and 6.3h 
before the temperature minimum; end of sleep has an 
unimodal distribution which is broader than that of the 
internally synchronized subjects and has an earlier mean (5.10 
_+ 2.21 h after the temperature minimum)9 It further follows 
from the right histograms of Fig. 4 that, during internal 
desynchronization, there must have been long and short sleep 
episodes depending on when in the temperature hythm sleep 
occurred. In other words: duration of sleep seems to be a 
function of the phase of the temperature rhythm. This 
relationship is documented in Fig. 5. Sleep is longest when 
onset of sleep occurs about 8 h prior to the temperature 
minimum, i.e. at the time of high and decreasing tempera- 
tures; sleep becomes horter with progressively ater onsets of 
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Fig.4 
Distribution of onset and end of sleep in 
reference tothe phase of the rhythm of 
rectal temperature. Data from singly 
isolated subjects with internal 
synchronization (205 sleep episodes) and 
desynchronization (206 sleep episodes), 
respectively. Double plots 
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Fig. 5. Duration of sleep drawn with reference to the phase of the rhythm 
of rectal temperature. 206 sleep episodes from subjects with internal 
desynchronization. Double plot 
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Fig. 6. Records of sleep (horizontal bars) and of rectal temperature taken 
twice in four consecutive nights from a subject entrained either by short 
or long light-dark cycles (T= period of the cycle). In the bars: shaded 
area = sleep latency; black area = rapid eye movements (REM)  
sleep, and is shortest when onset of sleep coincides with 
increasing temperatures. 
The dependence ofsleep on the rhythm of body tempera- 
ture as indicated in Fig. 5 suggests that sleep patterns can be 
influenced by manipulating the phase-relationship between 
the sleep-wake cycle and body temperature. This can be done 
by means of artificial zeitgebers which entrain the human 
circadian system (Aschoff et al. 1969). Entrainment to an 
artificially shortened "day" results in a phase delay of the 
circadian system, and entrainment toa lengthened " ay" in a 
phase advance. As has been shown earlier (Wever 1972), 
within this range of entrainment the sleep-wake cycle and the 
rhythm of rectal temperature change their mutual phase- 
relationship in a systematic manner. As a consequence of
these changes in phase, together with the interdependencies 
illustrated in Fig. 5, sleep characteristics can be expected to be 
different in shortened and lengthened ays. This view is 
supported by the results of a pilot study in which EEG 
recordings were taken from a subject entrained for 14 days to 
a 23-h day, and thereafter for 14 days to a 26-h day. From 
both conditions, the recordings of 4 nights are reproduced in
Fig. 6. Although in the short as well as in the long days sleep 
was confined more or less to the dark hours of the light-dark 
cycle, the sleep patterns differed in the two conditions. In the 
short days, the subject went to bed at or shortly after the 
maximum of rectal temperature, but did not fall asleep until 
several hours later. Furthermore, the subject overslept the end 
of dark time, and its sleep episodes ended at about the 
minimum of temperature. Contrary to this, the subject in the 
long day went to bed several hours after the maximum and 
often at or even after the minimum of rectal temperature, had 
short sleep latencies, and was sometimes awake before the 
end of dark time. Similarly to the difference in sleep latency, 
REM latency was, on the average, longer in the short day than 
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Table 1. Sleep characteristics (averaged from n days) of a subject 
entrained by artificial light-dark cycles with an initial period (T) of 23 h, 
and then of 26 h. REM: Sleep stage (rapid eye movements) 
T=23h T=26h 
(n = 13) (n=8) 
Duration of bedrest (h) 
Duration of sleep episode (h) 
Sleep latency (h) 
REM latency (rain) 
Duration of first REM (min) 
6.38_+ 0.88 5.61_+ 1.62 
5.25_+ 1.60 4.96_+ 1.81 
1.11+_ 1.60 0.32_+ 0.21 
72.8 _+23.3 66.8 _+13.3 
9.0 _+ 6.9 13.0 + 9.9 
in the long day (cf. Table 1 ; the data are the means of 13 sleep 
episodes in the short day, but only of 8 episodes in the long 
day because transients had to be omitted after the abrupt 
change from T= 23 to T= 26 h). In other words: a phase 
delay of the temperature rhythm in the short days was 
accompanied by difficulties of the subject o fall asleep, and a 
phase advance of the temperature hythm in the long days was 
accompanied by early awakenings. 
Discussion 
Effects of wakefulness and sleep, or of activity and rest, on 
body temperature are well documented. Rectal temperature 
usually decreases whenever a subject changes from an upright 
to a horizontal position (Aschoff 1944; Kleitman and 
Doktorsky 1933) or when he falls asleep, and temperature 
increases after awakening or during activity (Aschoff 1970; 
Heller 1977). It is mainly due to these "masking effects" that 
the range of oscillation (= difference between daily maxima 
and minima of temperature) is about 25 % smaller during 
continuous bedrest as compared to conditions with modest 
activities during daytime (Aschoff and Wever 1980), and 45 % 
smaller during sleep deprivation (Aschoff 1981 a). 
In contrast to the many findings concerning the influence 
,of sleep on body temperature, little attention has been given 
to the effects of deep body temperature on sleep. An 
expecially informative opportunity to study this kind of 
interaction is provided by the phenomenon of internal 
desynchronization. As demonstrated in Figs. 4 and 5, the 
temperature rhythm influences the probability to fall asleep as 
well as the duration of a sleep episode. It should be noted, that 
in both these figures data are summarized from the two types 
of experiments in which subjects were either exposed to 
continuous illumination (LL) or could turn on and off the 
lights in the isolation unit at will (LD). The combined analysis 
is justified because there are no differences in the results 
between the two conditions: the mean duration of sleep 
episodes was 8.79 _+ 2.82 h in LL (n = 87) and 8.62 +_ 2.10 h in 
LD (n = 119). These figures are not statistically different from 
those obtained uring internal synchronization: 8.11 • 1.61 
in LL (n=l l0 )  and 8.51+1.53h in LD (n=95). The 
desynchronized rhythms differ, however, from the synchro- 
nized rhythms in that the standard eviation of the mean 
duration of sleep is 40-  85 % larger. 
A dependence of duration of sleep on the daily course o f  
body temperature was suggested by Zulley (1976) and 
indicated by data presented at the first European Congress on 
Sleep Research in 1978 (Zulley and Schulz 1980). The first full 
documentation of the relationship between sleep duration 
and phase of the temperature rhythm was given in the thesis of 
Czeisler (1978). In a later publication, Czeisler and coworkers 
(1980a) presented a more detailed analysis of data obtained 
from five subjects who were internally desynchronized. 
According to these authors, the duration of a sleep episode is 
longest when sleep begins 12-14h  before the temperature 
minimum. This interval is about 2 h longer than that indicated 
in Fig. 5. This difference is likely to be explained by the fact 
that Czeisler and coworkers have plotted the sleep values in 
reference to an "educed waveform" of body temperature 
while the data shown in Fig. 5 are plotted in reference to the 
temperature minimum as computed in each cycle separately. 
It is probably for the same reason that, in another analysis of 
their data Czeisler and coworkers (1980b) report a maximum 
of bedrest onsets during the 2 h after the "educed" tempera- 
ture minimum, while in Fig. 4 a maximum of sleep onsets is 
indicated shortly before the (actual) temperature minimum. 
A secondary maximum of bedrest (sleep) onset is indicated 
in both sets of data, but with different relationships to the 
rhythm of body temperature. This bimodal distribution of 
sleep onsets during internal desynchronization is ot yet fully 
understood. The one maximum just before the temperature 
minimum is similar to that seen during internal synchroni- 
zation (compare the left and right histograms in Fig. 4). The 
second maximum of sleep onsets observed uring desynchro- 
nization coincides with about that phase of the temperature 
rhythm at which subjects prefer to fall asleep when they are 
synchronized to 24 h. 
The correlation between duration of sleep and phase of 
the temperature hythm should, of course, not be considered 
as being due to a direct effect of temperature on sleep. The 
findings discussed here rather indicate that the two systems 
controlling the sleep-wake cycle and the circadian rhythms of 
autonomic functions continue to interact during internal 
desynchronization, i.e. when the coupling forces become to 
weak to sustain mutual synchronization. This interaction 
during "relative coordination" was first documented in 
freerunning rhythms with internal desynchronization by the 
continuous modulation of the range of oscillation in tempera- 
ture (cf. Fig. 5 in Aschoff et al. 1967a). A similar dependence 
of temperature on the phase of the sleep-wake cycle has been 
observed in the 10 desynchronized subjects whose data are 
discussed here; details of the analysis are published elsewhere 
(Aschoff 1981b; Zulley and Wever 1982). 
Under normal conditions, i.e. in healthy subjects en- 
trained to 24h, only minor variations occur in the phase- 
relationship between the sleep-wake cycle and the rhythm of 
rectal temperature (Aschoff and Wever 1980). Hence, no 
drastic effects can be observed on the sleep pattern from 
changes in the rhythm of body temperature. Such effects are, 
however, to be expected if the phase of the temperature 
rhythm becomes more variable. In recent years, hypotheses 
have been advanced that certain psychiatric llnesses might be 
related to or the consequence of such disorders in the 
circadian time structure (Aschoff 1981c; Pfiug and Martin 
1980). In particular, several authors claim that manic depres- 
sives might be characterized by a phase-advance of the 
rhythm in body temperature and other autonomic functions 
(Kripke 1979; Wehr et al. 1979, 1980). If this is correct, it 
might be expected that sleep patterns similar to those 
observed uring depression could be induced in a subject by 
artificially advancing his temperature rhythm. It is under 
those aspects that the pilot study described above had been 
performed~ The results agree with the assumption i so far as 
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in the artificially lengthened ay (which results in a phase 
advance of  the temperature rhythm) short REM latencies and 
early awakenings were observed, i.e. sleep patterns character- 
istic for a depressed patient. It is of  equal interest that the 
opposite situation, i.e. the entrainment o an artificially 
shortened day with its concomitant  phase delay of  the 
temperature rhythm, results in difficulties to fall asleep, a 
sleep pattern which has been found in neurotic subjects (Ki loh 
and Garside 1963). 
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